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FILLING HEAT STORAGE TUBES FOR SOLA.R.BRAYTON-CYCLE 
HEAT PECEIVER WITH LITHIUM FLUORIDE 
P. A. Gnadt 
Ab s t ract 
A f a c i l i t y  was  designed, fabricated,  and operated t o  
f i l l  columbium-l% zirconium tubes with l iqu id  l i thium fluoride.  
Sixty-nine heat storage tubes were processed fo r  a so la r  heat 
receiver t h a t  i s  a major component f o r  a NASA solar-heated 
Brayton-cycle power unit .  This 2- t o  15-kw(e) dynamic puwer 
conversion system w i l l  eventually be used f o r  ea r th  o rb i t  
application. The l i thium fluoride w i l l  provide heat storage 
capabi l i ty  f o r  the shadow portion of the orb i t .  The salt- 
f i l l e d  heat storage tubes described here were prepared f o r  
a prototype system t o  be tested i n  the NASA Plumbrook Fac i l i t y  
by using a so la r  simulator. 
between a bellows-like outer tube and an inner gas duct that 
w i l l  carry the Brayton-cycle working f lu id ,  a helium-xenon 
mixture (mol. w t  = 84). The 48 columbium-1% zirconium tubes 
required f o r  the ac tua l  system were f i l l e d  with the molten 
salt ,  as w e l l  as eleven spares, s i x  heat  transfer t e s t  speci- 
mens, three thermal-cycling tes t  specimens, and one preliminary 
tes t  piece. The process required the  use of a E O - f t 3  10-ft-  
high vacuum chamber, refractory metal j i g s  and fixtures, 
highly pur i f ied  l i thium f luoride a t  temperatures up t o  175O0F, j 
and much of the sophisticated technology the Oak Ridge National 
Laboratory has developed f o r  the handling of high-melting-point 
salts (LiF m.p. = 1560°F). 
Keywords : solar-heated Brayton cycle, space auxiliary 
power p lan t ,  heat storage tubes, l i thium f luoride,  columbiwrlf 
zirconium al loy,  molten salt,  re f rac tory  metal. 
The l i thium f luoride was introduced in to  the annulus 
Introduction 
The Lewis  Research Center of the National Aeronautics and Space 
Administration i s  developing a 10-kw solar-heated dynamic power conversion 
system.' This system incorporates the solar  heat receiver shown i n  
mockup i n  Fig. 1. 
solar  mirror and transmits the energy i n  the  form of heat t o  the 
system's working f lu id ,  a helium-xenon mixture (mol. w t  = 84). 
f luoride contained i n  48 convoluted (bellows configuration) tubes 
This heat exchanger accepts radiant  energy from a 
Lithium 
2 
Fig.  1. 
Research Center.  
Model of Brayton-Cycle Heat Receiver Designed by NASA L e w i s  
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(Fig. 2 )  s tores  heat, pr imari ly  by a solid-to-liquid phase change, 
during that port ion of the o rb i t  i n  which the system in te rcepts  so la r  
radiation. During the  e c l i p t i c  port ion of the orb i t ,  the  stored energy 
i s  u t i l i zed ,  and the salt i s  refrozen. The operating temperature range 
of the l i thium f luoride i s  from 1500°F ( 6 0 " ~  beluw the melting point)  
t o  1750"F, a maximum hot-spot condition. 
A prototype receiver i s  t o  be tes ted  with other components of the 
so la r  Brayton-cycle system i n  the NASA Plumbrook Fac i l i ty .  The tubes 
f o r  the receiver assembly were fabricated a t  the NASA-Lewis Research 
Center, and the detai led design, fabrication, and assembly of the 
receiver un i t  a re  t o  be accomplished a t  the General E lec t r i c  Company's 
Wuclear System's Program f a c i l i t y  at Evendale, Ohio. The Oak Ridge 
National Laboratory's par t ic ipa t ion  i n  th i s  program comprised f i l l i n g  
the individual heat storage tubes w i t h  l i thium fluoride.  
This report  describes the design and the equipment required f o r  
f i l l i n g  these tubes, the procedures used t o  f i l l  69 tubes with fused 
lithium fluoride,  and the method of purifying the l i thium fluoride.  
Equipment Design Requirements - 
Design t o  Accommodate Lithium Fluoride Volumetric Expansion 
The approximately 30% volumetric expansion t h a t  l i thium f luoride 
undergoes a t  i t s  melting point  (1560"~), coupled with the d i f f e ren t i a l  
thermal expansion charac te r i s t ics  of the molten sal t  and the columbium- 
1% zirconium tubes, introduced many special  design and handling require- 
ments. The prototype so lar  heat receiver i s  scheduled t o  operate w i t h  
a maximum hot-spot temperature of 1750°F. 
t o  preheat both the heat storage tubes and the lithium f luoride t o  
t h i s  temperature and conduct the f i l l i n g  operation a t  t h i s  temperature 
t o  assure t h a t  excessive hydraulic pressures would not occur under the 
hot-spot condition. 
against  excessive hydraulic pressure) that the f i l l i n g  and cooling opera- 
t ions  provide each convolution of the heat storage tube with a lithium 
f luoride inventory equivalent t o  i t s  volume a t  1750°F. 
Therefore it was necessary 
It also was considered necessary (again, t o  pro tec t  
Further, it was 
4 
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es sen t i a l  t h a t  the l i thium f luoride not run o,ut i n t o  voids created by 
freezing the t ransfer  l i n e s  and that it freeze and contract  i n  the 
individual convolutions so that no transfer t o  or from adjacent convolu- 
t i ons  could occur. 
Freezing the l i thium f luoride inventory of each bellows convolution 
i n  a predicable, uniform manner was accomplished by a combination of 
(1) forced cooling of the f i l l e d  volume from the center of each tube t o  
form a freeze plug a t  the bottom of each bellows convolution and (2') 
radiat ion from the outside of the bellows convolution. This method of 
cooling trapped the contents of each convolution and created a void 
volume i n  the center of each salt  pocket. This void volume w i l l  accommo- 
date the approximately 30% volumetric expansion of the lithium f luoride 
during the remelting cycle of heat receiver operation. 
Design t o  Protect Heat Storage Tubes from Exposure t o  Oxygen 
The suscep t ib i l i t y  of the columbium-l% zirconium a l loy  t o  oxygen 
contamination a t  elevated temperatures and the  subsequent embrittlement 
. problem dic ta ted  t h a t  the f i l l i n g  operation be accomplished i n  a vacuum 
chamber. For t h i s  purpose, the heat storage tube assembly was i n s t a l l e d  
i n  an ex is t ing  vacuum chamber f a c i l i t y  t h a t  prwided  a 4-ft-diam E-ft- 
high diffusion-pumped volume. 
the lithium f luoride reservoir  and auxi l ia ry  equipment inside the chamber 
and the use of a single mater ia l  of construction (columbium-1% zirconium 
a l loy)  t o  avoid vacuum chamber penetrations and d i s s imi l a r  metal joints .  
However, the  chamber would not accommodate a l l  the required equipment, 
and suf f ic ien t  re f rac tory  material was not readi ly  available.  
t i o n  almost completely remote uperation would have been necessary. 
Therefore the f i l l i n g  equipment was fabricated from Hastelloy N and 
Inconel 600. 
Consideration was  given t o  location of 
I n  addi- 
Development of Brazed Jo in ts  
The use of nickel-base a l loys  i n  part  of the system dictated the 
use of t r ans i t i on  jo in t s  wherever these a l loys  were t o  be joined t o  the 
columbium-1% zirconium material. Commercial t r ans i t i on  jo in ts  were 
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available;  however, approximately 75 jo in ts  were required fo r  the job, 
and it w a s  not economically feasible  t o  use the commercial joints .  
ORNL Metals and Ceramics Division developed and t e s t ed  a brazed jo in t  
t h a t  was adequate f o r  use during the f i l l i n g  operation. The cost  of 
these joints ,  including the development and t e s t ing  operations, was 
approximately 10% of the cost  of the commercially available joints .  
The successful development of the t rans i t ion  jo in t  permitted a design 
i n  which the columbium-1% zirconium mater ia l  was i n  the vacuum chamber 
and the nickel-base al loys were outside the chamber. 
The 
Specifications f o r  Materials, Welding, and Inspection 
Nickel-base a l loy  material  specifications,  welding, and inspection 
were i n  accordance with ORNL Metals and Ceramics Division specifications.  
The columbium-1% zirconium mater ia l  f o r  the assembly f ix ture  and t r ans i -  
t i on  jo in ts  was,  i n  general, procured from surplus  mater ia l  stock 
or ig ina l ly  purchased a t  the CANEL Fac i l i ty ,  M i d d l e t m ,  Connecticut, 
which i s  operated by F’ratt & Whitney Aircraf t  Company. 
columbium-l% zirconium mater ia l  was i n  accordance with spec ia l  procedures 
developed by the ORNL Metals and Ceramics Division and the Y-12 Plant 
Production Division of the Union Carbide Nuclear Division. 
The welding of 
- 
De sc r ip t  ion of F i l l i ng  Fac i l i t y  
A flowsheet of the f i l l i n g  system i s  shown i n  Fig. 3, and Fig. 4 
i s  an isometric drawing giving the physical re la t ionship of components. 
A complete l i s t  of drawings i s  given i n  Appendix A. 
The f i l l i n g  system corpprised an e l e c t r i c a l l y  heated salt reservoir,  
and assembly of up t o  15 heat storage tubes located i n  a vacuum chamber, 
a t ransfer  ( f i l l )  l i ne  connecting the s a l t  reservoir  t o  a manifold 
located a t  the bottom of the heat storage tubes, argon-cooled freeze 
valves located a t  the bottom of the individual heat storage tubes and 
on the single overflow l ine,  and an argon cooling duct i n s t a l l ed  i n  
the center of each heat storage tube t o  remove heat a f t e r  the tubes had 
been f i l l e d .  An e l e c t r i c  heater  w a s  provided i n  the center of the tube 
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assembly. Air-cooled freeze valves were in s t a l l ed  i n  the f i l l  l i ne  from 
the sal t  reservoir  to.prevent accidental  f i l l i n g  of the heat storage 
tubes, Vapor t r aps  were in s t a l l ed  on the sal t  reservoir  vacuum l ines  
to prevent salt vapor from contaminating the vacuum pump. A helium 
bo t t l e  and associated piping provided fo r  pressurizing the salt  reservoir.  
The f i l l i n g  operation was  accomplished by applying gas pressure t o  
molten lithium fluoride i n  the salt reservoir. A dip leg  i n  the tank 
allowed the lithium fluoride t o  f l o w  upward in to  the heat storage tubes. 
When indication of complete f i l l i n g  was obtained, freeze plugs were 
created a t  the bottom of each of the tubes before the tube assembly 
w a s  cooled. 
Design Calculations 
Piping and Pressure Vessels 
Calculations were made and reviewed by the ORNL Pressure Vessel 
and Piping Review Committee i n  accordance with the ORNL Standard Practice 
Procedures. 
piping f l e x i b i l i t y  analysis program developed by Mare Island Naval 
Shipyard (MEL-21P) on the IBM 7090 computer t o  assure conformance5ith 
the ASA Piping Code B-31.1, Code f o r  Pressure Piping. Pressure vessels  
were reviewed f o r  conformance t o  Section V I 1 1  of the ASME Boiler and 
Pressure Vessel Code. 
Piping f l e x i b i l i t y  calculations were made by using the 
The piping f l e x i b i l i t y  calculations disclosed that the resul tant  
s t resses  exceeded the code allowable s t ress ;  huwever, data i n  ASME Paper 
No. 64-MET-2 by A. E. Carden indicated t h a t  the piping would have a 
fatigue l i f e  greater  than that required. Approval f o r  the use of the 
material  (see App. B) was given on the basis of the short  duration of 
use and the small number of thermal cycles required. 
The salt reservoir  operating temperature was beyond the maximum 
allowable f o r  Hastelloy N and Inconel 600 given i n  Section V I 1 1  of the 
ASME Boiler and Pressure Vessel Code. Allowable s t resses  were determined 
f o r  Inconel 600 a t  1800'~ by using the code basis f o r  es tabl ishing s t r e s s  
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values and data contained i n  Inco Technical Bul le t in  T-7. The 2-in.- 
th ick  heads i n  the reservoir  were 'specified on the bas i s  of t h i s  allow- 
able  s t ress .  Data reported f o r  Hastelloy N indicated tha t  the calculated 
s t r e s s  i n  the 3/8-in. s h e l l  would be sa t i s fac tory  a t  the design conditions 
fo r  the l i fe t ime of the t e s t  (see App. B) .  
Heat Transfer 
Heat t r ans fe r  calculat ions were made by using necessary simplifying 
assumptions t o  help v e r i f y  that (1) a 20-kw radiant  heater  would be 
suf f ic ien t  t o  br ing the heat storage tube assembly t o  1750°F i n  an 
acceptably short  time, (2) a freeze plug would form a t  the 0.005-in. 
annulus between the roo t  of the bellows convolution and the center tube, 
and ( 3 )  temperature var ia t ions  across a bellows convolution or along any 
heat storage tube would be within acceptable l i m i t s .  Since the assembly 
was i n s t a l l e d  i n  a vacuum, heat t r ans fe r  was l imited t o  radiat ion and 
conduction. Reflective insulat ion w a s  i n s t a l l e d  i n  a manner t o  minimize 
conduction through the layers.  The e f f e c t  of conduction along penetrations 
through the r e f l ec t ive  insulat ion was not included i n  heat loss calcula- 
t ions.  Past appl icat ions of s i m i l a r  heaters  and r e f l ec t ive  insulat ion 
indicated t h a t  end losses  through penetrat ions in  the  r e f l ec t ive  insulat ion 
were ins igni f icant  with r e l a t ion  t o  the t o t a l  heat t ransferred.  However, 
these penetrat ions can produce loca l  cold spots, so consideration was 
given t o  t h i s  problem i n  the design. 
In  calculat ions of radiant  heat t r ans fe r  through re f lec t ive  insulat ion 
the expression 
&n = Q/(1 + n)  (1) 
gives acceptably accurate resu l t s .  In  t h i s  expression n i s  the number 
of re f lec t ive  layers,  Q i s  the heat t r ans fe r  that would r e s u l t  with no 
re f lec t ive  insulat ion,  and &n i s  the heat t r ans fe r  experienced with n 
r e f l ec t ive  layers.  According t o  Kern,' Eq. (1) applied only t o  i n f i n i t e  
and p a r a l l e l  planes separated by addi t iona l  planes t h a t  a r e  opaque t o  
d i r ec t  radiat ion,  extremely th in ,  and a l l  have the same emissivi t ies .  
The system under discussion w a s  previously described a s  a cent ra l ly  
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mounted tantalum heater  element surrounded by the tube a r ray  and a 
columbium-1% zirconium s h e l l  on which were mounted re f lec t ive  layers  of 
s t a in l e s s  s t e e l .  This cy l indr ica l  geometry exposed t o  a s t a in l e s s  s t e e l  
vacuum chamber wall as a heat  sink only approximates these l i m i t s ;  how- 
ever, the relat ionship had been used i n  the pas t  f o r  s i m i l a r  geometries 
and mater ia ls  with good agreement between calculated and experimental 
heat 
were 
losses.  
From the Stefan-Boltzman equation and the above relat ionship,  losses  
calculated t o  be 9.5 kw. An emissivity fac tor  of 
1 
was used, where 
El = source emissivity,  
E2 = receiver emissivity, 
A1 = source heat t ransfer  area,  
Az = receiver  heat t r ans fe r  area. 
This fac tor  appl ies  t o  i n f i n i t e  concentric cylinders or concentric 
spheres. Since the a rea  r a t i o  i s  small, the  accuracy of calculat ion 
depends more on source emissivity than s ink emissivity.  The source 
emissivity va r i e s  with roughness and surface condition and i s  uncertain. 
The tubes intercept  rad ia t ion  from the heater  t o  the r e f l ec t ive  insula-  
t i o n  and thus add complication and uncertainty t o  the problem. 
ments of e l e c t r i c a l  power t o  the heater during the f i l l i n g  process 
indicated the ac tua l  losses  t o  be about 10 kw, which i s  very sa t i s fac tory  
i f  the many uncer ta in t ies  i n  the system are  considered. 
- 
Measure- 
The 20-kw design r a t ing  of the heater gave a heatup time of 3 hr. 
This time element was considered t o  be unimportant, since the heatup 
time of the l i thium f luoride i n  the s a l t  reservoir  was l imiting. 
It was necessary t o  determine that the l i thium f luoride would freeze 
rapidly a t  the 0.005-in. annulus between the roo t  of the bellows convolu- 
t i o n  and the center tube and thus prevent f l o w  between convolutions. 
Although heat t r ans fe r  from the 1 1/4-in. -diam center  tube t o  the 3/4-in. - 
diam argon cooling tube would be by radiat ion only, the amount of heat 
t r ans fe r  required t o  freeze a O.OO5-in. - thick sleeve of l i thium f luoride 
was small, and it was  postulated that freezing would occur rapidly. 
Cooling calculat ions were made f o r  both helium and argon as coolant 
gases. A i r  could not be used because of the p o s s i b i l i t y  of a leak and 
the predictable  e f f e c t  of a i r  on the hot columbium-1% zirconium al loy.  
Argon was chosen over helium on the bas i s  of cost .  
The f o i l  wrapping on the cen t r a l  cooling tube added more uncertainty 
t o  the calculations.  It was d i f f i c u l t  t o  pred ic t  whether t h i s  f o i l  would 
be loose enough t o  a c t  as a r e f l ec t ive  layer  o r  t i g h t  enough t o  add very 
l i t t l e  res is tance t o  heat t ransfer .  A f ac to r  of approximately two 
difference i n  heat t r ans fe r  depends on the assumption used. Therefore 
a t e s t  of the cooling effect iveness  was made ea r ly  i n  the  program when 
a single s t a in l e s s  s t e e l  tube was f i l l e d  with l i thium f luoride.  Cooling 
of t h i s  s t a in l e s s  s t e e l  tube was accomplished by passing argon through 
three 1/4-in.-OD tubes in s t a l l ed  inside the t e s t  tube. The ac tua l  argon 
requirement w a s  not i n  good agreement with the calculated argon require - 
ment; however, the predicted rapid freezing of the l i thium f luoride a t  
the root  of the convolutions was v e r i f i e d  during t h i s  t e s t .  The freezing 
e f f ec t  was again checked when a s ingle  columbium-1% zirconium tube-was 
f i l l e d  i n  the  vacuum chamber. The cooling duct i n  subsequent assemblies 
was changed from the three 1/4-in. tubes t o  one 3/4-in. tube. 
was possible when the design of the heat storage tubes was  changed t o  
eliminate in t e rna l  f i n s  i n  the cen t r a l  tube. 
This change 
An attempt was made t o  show by calculat ion that temperature var ia -  
t i ons  along and across each tube during heatup and cooldawn would not 
be excesstve. There appeared t o  be l i t t l e  p o s s i b i l i t y  of a problem across  
the diameter of any convolution, but  va r i a t ion  i n  temperature along the  
length of the tube could be expected. These var ia t ions  i n  the ac tua l  
t e s t s  were determined t o  be G O O F ,  with one tube i n s t a l l e d  i n  the assembly. 
The 15 tube assemblies gave var ia t ions  of f30°F. 
var ia t ions  w a s  the penetrat ion of the  c e n t r a l  cooling tubes through the 
re f lec t ive  insu la t ion  a t  the top and bottom of the assembly and the r e -  
su l t ing  outward conduction of heat. 
The main cause of these 
Equipment Components, Fabrication, and Assembly 
Heat Storage Tube Preparation 
The heat storage tubes received from NASA Lewis Laboratory were 
complete with 0.156-in. -OD, 0.018-in. -wall f i l l  and vent tubes attached. 
Upon receipt  the tubes were helium leak checked by placing them i n  a 
p l a s t i c  bag, evacuating the volume of the tube t o  be f i l l e d  with s a l t  
to l e s s  than 0.10-u pressure,  and then flooding the bag with helium. 
Any indication of a leak a f t e r  20 min by a Consolidated helium leak 
detector was cause for re ject ion.  The leak detector s e n s i t i v i t y  was 
always grea te r  than 1 x 10-l' cc/sec, as measured by a standard leak. 
Some bowing was discovered when the first heat storage tubes were 
received a t  NASA Lewis Research Center, and the s t ra ightness  checks 
indicated t h a t  the bowing had occurred during shipment. New cra t ing  
techniques f o r  shipment were employed, and the bowing w a s  eliminated, 
as indicated by l a t e r  checks. 
The t r ans i t i on  jo in t s  used t o  a t tach  the columbium-l% zirconium 
f i l l  tubes to the Hastelloy N p a r t s  of the f i l l i n g  system were then 
attached to the  tubes. The design of these jo in t s  which were developed 
and t e s t ed  by the ORNL Metals and Ceramics Division, i s  shown i n  Fig. 5. 
The columbium-l% zirconium and Inconel 600 assemblies were vacuum furnace 
brazed with Nicrobraz 200 a t  1950 to 2150°F. 
ul t rasonic  t e s t i n g  were used to determine jo in t  i n t eg r i ty .  
Helium leak checking and 
During development of t h i s  t r ans i t i on  jo in t ,  t en  t e s t  pieces  were 
fabricated f o r  thermal-cycling t e s t s  to prove t h e i r  adequacy f o r  the 
intended service,  
with s i x  thermal cycles between 1775°F and room temperature. 
jo in ts  were helium leak checked and u l t rasonica l ly  t e s t ed  and found t o  
be acceptable. 
The most severe test  w a s  of 192 hr  duration a t  1775°F 
All t en  
The columbium-1% zirconium f i l l  and vent tubes (0.156 in.  OD, 0.018 
i n ,  wal l )  were cut to proper length, and columbium-1% zirconium to Inconel 
t r ans i t i on  jo in t s  were welded t o  the bottom end. These columbium-l% z i r -  
conium welds and a columbium-1% zirconium closure weld on the vent tubes 
14 
ORNL-DWG 70-3232 
0.160 REAM 
Cb- 
L- 0 . 2 4 2  OD x 0.049 WALL 
Cb-1% Zr  TUBE 
'/2 DlAM INCONEL 600 
BAR, ASTM-6166 
I I I I  I I/'/@I x 45' CHAMFER 
m +  1
TUBE-, 
5/4s D 
I 
ly-----li- 47; DIAM (DRILL) 
IIAM- Y [  7 '/e DRILL THRU 
LHAND FIT FOR 
DIAMETRICAL CLEARANCE 
OVER TUBE. STAMP PARTS 
FOR LATER ASSOCIATION 
NOTE : 
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Fig. 5.  T r a n s i t i o n  J o i n t  Between Columbiunrl% Zirconium F i l l  Line 
and Inconel  600 Transfer Line. 
a t  the top end were 
Welding and Brazing 
system were capable 
made i n  an argon atmosphere drybox i n  the ORNL 
Fac i l i t y  (see Fig. 6 ) .  The drybox and pumping 
of vacuums t o  5 x t o r r .  A purging system 
used high-purity argon was  attached t o  the box. Pr ior  to welding, 
that 
a 
weld pass w a s  run on a block of zirconium metal t o  ge t t e r  any excess 
oxygen o r  mositure. 
Oxygen and moisture impurity leve ls  i n  the drybox were monitored 
with a coupon of s t a in l e s s  s tee l .  A very l i g h t  straw color of the 
s ta in less  s t e e l  metal as a 1/8-in. w e l d  pass  w a s  made indicated that 
oxygen and moisture leve ls  were below 5 ppm. Any blue discoloration was 
cause t o  suspect contamination i n  the atmosphere. Practice welds on 
s ta in less  s t e e l  coupons provided these v i s u a l  cal ibrat ions based on 
measurements made with a Manufacturers Engineering & Equipment Company, 
Model 0 e l ec t ro ly t i c  oxygen analyzer and a Model W e l ec t ro ly t i c  moisture 
analyzer. Detai ls  of the drybox procedures are presented i n  Appendix C. 
The sleeve welds and the plug welds were radiographed and l iquid-  
penetrant checked i n  accordance with ORNL Metals and Ceramics Division 
Specifications NDT-4 and -5, respectively. After these welds were made 
and inspected the heat storage tubes were again helium leak checkgd and 
weighed, and a volumetric measurement was made by pressure decay i n  a 
known volume vented t o  the tube. 
The assembly of the heat storage tubes in to  the f ix ture  w a s  accom- 
Workers i n  the assembly room wore plished i n  a controlled access room. 
shoe scuffs  and nylon g l w e s ,  and a rec i rcu la t ing  f i l t e r e d  a i r  system kept 
airborne mater ia l  t o  a miniumum. 
A l l  welds were made t o  apprupriate ORNL Metals and Ceramics Division 
specifications.  The welds were radiographed and liquid-penetrant checked 
i n  accordance with ORNL Metals and Ceramics Division specifications NDT-4 
and -5, respectively. 
I n  addition to the normal mater ia ls  handling and cleaning procedures, 
the specif icat ions given i n  Appendix D w e r e  used. These procedures w e r e  
a l so  used f o r  work associated with in s t a l l a t ion  of equipment i n  the vacuum 
chamber. 
16 
M
 
0
 
0
 
t- M
 
E: 
-r
l 
a
 
r
l 
.ti 
5
 
F9 
17 
A l l  s t a in l e s s  s tee l  thermocouples and nickel-base a l loys  used 
inside the assembly f ix tu re  were wrapped with a layer  of columbium-1% 
zirconium or tantalum f o i l  t o  pro tec t  the heat storage tubes from con- 
taminati on. 
Helium leak checks were made a t  appropriate stages of the assembly 
sequence. 
ter-type leak detector t ha t  w a s  sensi t ive t o  1 x 10-l' cc/sec leakage, 
as measured by a standard leak, and any detectable leakage w a s  cause 
A l l  leak detection w a s  accomplished by using a mass spectrome- 
fo r  reworking. 
Heat Storage Tube Assembly Fixture 
The assembly f ix ture  f o r  batch f i l l i n g  the heat storage tubes w a s  
designed t o  accept 15 tubes. The lower supports and assembled tubes 
are  shown i n  Fig. 7. The 15 heat storage tubes were posit ioned v e r t i c a l l y  
on the support p l a t e  and spaced a t  equal in te rva ls  on a 17 3/32-in.-diam 
c i r c l e .  The support p l a t e  w a s  fabr icated from 0.050-in. -thick columbium- 
1% zirconium material. Studs t o  posi t ion the tubes projected through 
the top support p la te .  Specially designed c l ip s  were used a t  the top 
o f  the assembly t o  center each tube on i t s  argon cooling duct, which 
w a s  i n s t a l l ed  v e r t i c a l l y  through the center port ion of the tube. - 
A s  mentioned above, a 0.156-in. -diam 0.018-in. - w a l l  columbium-l% 
zirconium tube w a s  welded t o  the bottom and top convolution of each of 
the heat storage tubes. The 0.156-in. tubes attached t o  the bottom 
convolutions were used f o r  f i l l i n g  the heat storage tubes. In  each 
15-tube assembly, one of the 0.156-in. tubes attached t o  a top convolu- 
t i on  was used as an overflow tube t o  co l lec t  a l i thium fluoride sample. 
Thermocouples attached t o  the overflow l ine  were used t o  indicate tha t  
the s a l t  had been raised t o  the required level.  
attached t o  the top of the  other 14 heat storage tubes were seal-welded 
approximately 4 in.  above the top convolution, and thermocouples were 
attached to each tube a t  the seal-welded t ip .  
The 0.156-in. tubes 
Fig .  7. Heat S torage  Tubes i n  Assembly F i x t u r e .  
The f i l l  tubes a t  the bottcm of each of .the heat storage tubes were 
attached t o  a 3/8-in. -OD 0.035-in. -wall Hastelloy N r ing  manifold (see 
Fig. 8)  ,which was located below the above-mentioned support structure.  
Sa l t  from the reservoir  entered the r ing  manifold through a 1/4-in.-OD 
0.065-in. - w a l l  Hastelloy N tube. 
Approximately 2 1/2 in .  above the r ing  manifold a freeze-valve l i ne  
w a s  i n s t a l l ed  on each of the v e r t i c a l  f i l l  tubes feeding the heat storage 
tubes. 
Hastelloy N tube formed t o  the same c i r c l e  diameter as the f i l l i n g  
manifold (see Fig. 8) .  Fif teen holes were d r i l l e d  through both w a l l s  
of t h i s  freeze-valve l ine ,  and the f i l l i n g  l i nes  projected through it. 
Seals i n  the form of f i l l e t  welds were made t o  both walls of the freeze- 
valve l ine .  Attachments of gas i n l e t  and out le t  l i nes  were made a t  one 
side of the freeze-valve ring. I n  the l a t t e r  stages of the f i l l  opera- 
t ion,  high-velocity argon w a s  admitted t o  t h i s  freeze-valve l ine ,  and 
a freeze plug w a s  formed where each of the f i l l  l i nes  passed through the 
f r eezeva lve  l ine .  Thus, a single argon stream served t o  cool a l l  the 
freeze valves i n  the i n l e t  salt l i nes  t o  the heat storage tubes. 
The freeze valve consisted of a single 1/2-in.-OD x 0.065-in. 
The center cooling ducts were welded a t  the top and bottom & t h e  
assembly t o  a 1-in. sched-40 Inconel pipe,  which w a s  formed i n  a 17 5/64- 
in.-diam c i r c l e  t o  match the spacing of the heat storage tubes, The 
i n l e t  ( o r  bottom) manifold was connected t o  an argon supply and was  the 
d is t r ibu t ion  header f o r  the cooling argon t o  the 15 heat storage tubes. 
The s i m i l a r  manifold a t  the top of the assembly (see Fig. 9) acted as 
a col lector  f o r  the hot gas a t  the out le t .  
The cen t r a l  radiant  heater  projected from the bottom of the sal t  
i n l e t  r i ng  manifold t o  the top of the heat storage tubes (see Fig. 10). 
This 20-kw heater  (Fig. 11) was  fabr icated by s p i r a l l y  winding 3/16-in. - 
diam tantalum rod on a 3 1/4-in. p i t c h  t o  a diameter of 10 in. 
c o i l  w a s  at tached by alumina insulators ,  ra ted  f o r  1950°C service, t o  
a 58.5-in. -high 9-in. -d i am cylinder of 0.050-in. -thick columbium-1% 
zirconium. E lec t r i ca l  leads were attached t o  the  tantalum heater c o i l  
a t  three poin ts  (two p a r a l l e l  heater c i r c u i t s )  by 1/2-in. -diam tantalum 
This 
. .. 
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Fig. 9 .  Heat Storage Tube Assembly Instal led i n  Vacuum Chamber Bowl .  
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Fig. 10 .  Heat Storage Tube Assembly Showing Central Radiant Heater. 
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rods. These rods were in s t a l l ed  v e r t i c a l l y  and extended abwe the  top 
of the assembly, where copper bus bars  were attached i n  the f i n a l  stages 
of i n s t a l l a t ion .  Reflective insulat ion w a s  i n s t a l l e d  around the cylin- 
d r i c a l  assembly. 
v and 430 amp. 
This heater  was operated t o  a maximum of 11 k w  a t  26 
Magnesium oxide-insulated, type 304 s t a in l e s s  steel-sheathed, 1/16 - 
in.-OD thermocouples were i n s t a l l e d  on the  assembly as shown i n  Fig. 12. 
These thermocouples were purchased t o  ORNL specif icat ion I .S.  124-1. 
All the thermocouples and nickel-base a l loys  used inside the assembly 
f ix ture  were wrapped with a layer  of columbium-@ zirconium a l l o y  or 
tantalum f o i l  t o  protect  the heat storage tubes from contamination. 
The outer thermal insulat ion s h e l l s  (see Fig. 12) were formed from 
Two cylin- layers of columbium-l% zirconium a l l o y  and s t a i n l e s s  steel .  
d r i c a l  assemblies were formed. The upper cylinder, which surrounded the  
heat storage tubes, w a s  23 in .  i n  diameter and 10 13/16 in.  high. 
cylinders were formed by placing six layers  of 0.020-in. -thick stainless 
s t e e l  and two layers  of 0.020-in. -thick columbium-1% zirconium sheet 
inside a 1/16-in.-thick type 304 stainless s t e e l  sheet. 
columbium-1% zirconium and s t a i n l e s s  s t e e l  sheets were separated by- 
0.062-in. -diam wire spacers located approximately 4 in. apart .  
Both 
The layers  of 
The lower cylinder res ted on a base p l a t e  of Hastelloy N mater ia l  
j/8 in .  thick and 21  in .  i n  diameter. It w a s  the main support f o r  the 
e n t i r e  heat storage tube assembly, including the c e n t r a l  heater. A 10-in.- 
high 30’ segment w a s  removed from t h i s  lower cylinder. 
f luoride f i l l  l i ne ,  overflow l ine ,  lower f r e e z e v a l v e  i n l e t  and ou t l e t  
l i nes ,  the center cooling supply l i ne ,  and some of the  thermocouples 
passed through t h i s  opening. Specially fabr icated thermal insulat ion 
patches of the laminated design closed these penetrations (see Fig. 13)0 
Similarly, laminated disks of s t a in l e s s  s tee l  and columbium-1% zirconium 
sheet were fabricated t o  form the  t a p  and bottom of the  cylinder assembly. 
Holes were punched i n  the  top for the  center cooling ducts, the top freeze- 
valve i n l e t  and ou t l e t  l ine ,  heater leads, and most of the themocouples. 
Suitable laminated layers  of r e f l ec t ive  insulat ion were used t o  close 
these penetrations 
The l i thium 
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Fig. 13. V i e w  of Lower Portion of Heat Storage Tube Assembly In- 
s t a l l ed  i n  Vacuum Chamber. 
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Vacuum Chamber 
The assembled f ix tu re  was  placed inside the vacuum chamber, which 
was composed of two sections:  a f ixed bawl 40 in.  deep and a removable 
b e l l  jar 90 in.  high. When assembled, the pieces provided a v e r t i c a l  
tank with an inner space 130 in .  high and 49 in .  i n  diameter. Two 
concentric Buna O-rings were in s t a l l ed  i n  a flange between the two 
portions of the vacuum chamber, and the space between the  two r ings 
w a s  continuously evacuated. The bowl port ion w a s  equipped with e ight  
6-in. -diam nozzles, two 12-in. -diam nozzles, and one 18-in, -diam elbow 
leading t o  the vacuum pumps. Overall views of the chamber are shown i n  
Figs. 14 and 15. 
i s  shown i n  Fig. 16. 
program. 
A schematic diagram of the vacuum chamber and accessories 
The chamber w a s  avai lable  from a previous t e s t  
The chamber was evacuated i n i t i a l l y  t o  1 x lom2 t o r r  with a 40-cfm 
mechanical roughing pump. Two o i l  diffusion pumps (4 and 10 in . ,  with 
capaci t ies  of 280 and 4200 l i t e r s / sec ,  respectively) w e r e  connected i n  
se r i e s  upstream of the roughing pump. 
t o  reduce the chamber t o  an ultimate pressure of 1 x 10-l' t o r r  (when 
clean and empty). 
diffusion pump and the evacuation elbow on the vacuum chamber. 
This pumping system was designed 
A 12-in. valve w a s  i n s t a l l ed  between the lO-in, 
. A  cryogenic t r ap  consisting of an 11-in, -diam 18-in. -long tank 
f i l l e d  with l iqu id  nitrogen was  suspended i n  the v e r t i c a l  portion of 
the evacuation elbow above the 12-in. valve t o  t rap  any o i l  backstreaming 
from a water-cooled baf f le  above the 10-in. diffusion pump. A s  an 
added precaution, packets f i l l e d  with a molecular sieve mater ia l  were 
placed on the horizontal  port ion of the evacuation elbow. 
Entrance and e x i t  t o  the vacuum chamber by the f i l l  and overflow 
l ines  presented a pa r t i cu la r  problem, since it was  necessary t o  t r ans fe r  
the lithium f luoride a t  a temperature of 1750°F. A method of preheating 
the l i ne  through t h i s  penetration and an appropriate heat b a r r i e r  t o  
pro tec t  the vacuum chamber wallwere required. The design of t h i s  penetra- 
t i o n  i s  shown i n  Fig. 17. 
Fig. 14.  Vacuum Chamber, Auxiliary Equipment, and Furnace f o r  Heat- 
ing  Lithium Fluoride s 
Fig. 15. Vacuum Chamber and Auxiliary Diffusion Pump Wagon for Salt 
Reservoir* 
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Clamshell-type resis tance heaters  with the Nichrome-wire heating 
element embedded i n  a ceramic support mater ia l  were in s t a l l ed  around the 
p a r a l l e l  Hastelloy N f i l l  and overflow l ines .  
wal l  container surrounded the clamshell-type heaters. 
5/8-in. -thick p l a t e  was used t o  close one end of the container. 
Mansville Kaowool insulat ion 1 in .  thick surrounding the  clamshell 
heaters  provided a heat b a r r i e r  t o  the  b a r r e l  of the container. 
lead wires brought t o  the outside surface of the Kaowool insulat ion 
provided the voltage connection t o  the heater.  
A 3 7/16-ine -diam 0.065-in. - 
A 3 23/64-in. -diam 
Johns- 
Nickel 
To eliminate cold spots a t  the juncture between the chamber penetra- 
t i o n  and the heat storage tube assembly furnace, it was necessary t o  
extend the back side of t h i s  penetrat ion t o  a point  inside the tube 
assembly furnace. The outside edge of the  penetrat ion was welded t o  a 
p l a t e ,  which was i n  turn welded t o  a 6-in. -diam vacuum chamber projection. 
Hastelloy N tubes 3/8 in .  i n  diameter with a 0.030-in. wa l l  were placed 
around the f i l l  and overflow l ines  t o  form sleeves. One end of each 
sleeve was welded t o  the  5/8-in.-thick Inconel 600 p l a t e  t ha t  projected 
in to  the furnace. The other chamber s e a l  was made on the outside where 
the 3/8-in. sleeves were welded t o  the f i l l  and overflow tubes. 
long heat conducting path provided by t h i s  design gave l o w  temperatures 
a t  the vacuum chamber w a l l .  
m e  
Two 400-amp Varian Company feed-through connectors were used f o r  
the power leads t o  the heating c i r c u i t  inside the vacuum chamber, The 
72 thermocouples f o r  measuring temperatures inside the furnace entered 
through standard Teflon-insulated Conax f i t t i n g s .  
were i n s t a l l e d  through the chamber walls t o  measure pressures i n  the 
1 x lo-' t o r r  range. 
standard thermocouple gages. 
Two nude ion gages 
Pressures i n  the micron range were measured with 
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S a l t  Reservoir 
The sal t  reserv0i.T (Fig. 18) w a s  fabr icated f ron  Hastelloy N and 
Inconel p l a t e .  The side w a l l s  were fabricated from 3/8-in. - thick 
.Hastelloy N material ,  and the top and bottom were fabricated from 1 1/2- 
in .  - thick Inconel p l a t e .  A 23-kw 230-v Nichrome-wire resistance-heated 
tube furnace w a s  provided f o r  heating the salt reservoir .  
A $ + - i n .  -diam 0.035-in. -wall Hastelloy N dip tube w a s  i n s t a l l ed  
through the top head and extended t o  a poin t  1/4 in .  from the bottom of 
the tank, A commercial 200-ft3 cylinder f i l l e d  wi th  high-purity helium 
w a s  used t o  apply an overpressure t o  force s a l t  upward through the dip 
tube. When the  overpressure was applied t o  the top o f  the l i thium 
f luoride,  the  sal t  w a s  forced o u t  of the tank through the t r ans fe r  l i n e  
and the i n l e t  sa l t  manifold in to  the  heat storage tubes. 
diam 0.065-in. - w a l l  Hastelloy N tubes a l s o  penetrated the  top of the 
f i l l  tank and were used as evacuation and pressure l i nes .  
sheathed magnesium oxide -insulated l eve l  probes were provided. 
l e v e l  probes had been successfully used with other  molten f luoride 
s a l t s  a t  lower (1200°F) temperatures; however, they d id  not operate 
s a t i s f a c t o r i l y  during the f i r s t  f i l l i n g  operation and were l a t e r  - 
e limina t e  d. 
Two 3/8-in.- 
Inconel 600- 
These 
Freeze valves were placed i n  the t r ans fe r  l i n e  above the salt tank. 
One was located 6 in .  above the  tank and was used t o  create  a frozen 
plug i n  the t r ans fe r  l i n e  a t  the tank e x i t .  There w a s  a second freeze 
valve i n  a branch l i n e  from the t r ans fe r  l i n e  approximately 18 in.  above 
the tank. This branch l i n e  was one of two used t o  evacuate the  heat ' 
storage tubes. The frozen plug i n  t h i s  l i n e  w a s  es tabl ished a f t e r  the  
plug i n  the freeze valve j u s t  above the reservoir  had been thawed and 
s a l t  had been forced up high enough t o  en te r  the vacuum l ine .  
cedure prevented the  entrance of salt i n t o  the vacuum system during the  
subsequent f i l l i n g  operation. 
dip-leg l i n e  t o  use f o r  sal t  sampling p r i o r  t o  the ac tua l  f i l l i n g  of the 
tubes. 
This pro- 
A t h i r d  freeze valve w a s  placed i n  another 
34 
Fig.  18. Salt Reservoir. 
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The second and t h i r d  freeze valves 
1/4-in. tubing t o  stop the  f l o w  of salt 
completely e f fec t ive .  These protect ive 
had protect ive loops of unheated 
i n  the event the  valves were not 
loups p rwed  helpful,  since i n  
some instances the freeze valves were unable t o  f u l l y  stop flawing salt. 
The cooling medium f o r  these freeze valves was a i r  from the building a i r  
supply system. 
The chamber evacuation l i nes  were fu r the r  protected from s a l t  vapors 
by cold t raps .  
wal l  s t a in l e s s  s t e e l  pipe and appropriate end caps. The 3-511. -diam pipe 
was f i l l e d  with 10 x 10-mesh 0.025-in. -diam s t a in l e s s  s t e e l  screen wire. 
These t r aps  were fabricated from 3-in. -diam 0.065-in. - 
Preparation of Lithium Fluoride and Loading of S a l t  Reservoir 
Approximately 410 l b  of fused l i thium f luoride was prepared by the 
ORNL Reactor Chemistry Division f o r  f i l l i n g  the heat storage tubes and 
other r e l a t ed  purposes. 
chemical p u r i t y  specif icat ions by weight : 
This mater ia l  successfully met the  following 
Allowable 
Impurit i e  s 
Element 0
S 10 - 
02 100 
N i ,  C r y  and Fe 100 
Total  500 
The process employed i n  the  pur i f ica t ion  was es sen t i a l ly  the same as  
t h a t  developed f o r  the production of fused f luoride mixtures f o r  O m ' s  
molten-salt reactor  program. 
Sa l t  Pur i f ica t ion  
Fluoride s a l t s  of very high p u r i t y  were purchased commercially and 
used a s  the r a w  mater ia ls  f o r  the fused f luoride production process. 
Further pu r i f i ca t ion  was  required t o  remove oxides, sulfur, and other 
halogen impurit ies and t o  reduce concentrations of s t r u c t u r a l  metal 
f luoride impurit ies t h a t  are  more noble than const i tuents  of the a l loys  
used i n  t h e i r  ult imate containment vessels .  Organic impurit ies were of 
secondary importance and a re  normally v o l a t i l i z e d  during the i n i t i a l  
heatup of the fluorides,  or  they a re  thermally decomposed t o  carbon, 
which i s  removed by entrainment i n  the  sparge gas stream o r  f i l t e r e d  
from the molten s a l t  a t  the conclusion of the pu r i f i ca t ion  process. 
Anion impurit ies were removed i n i t i a l l y  by sparging the molten 
f luoride with anhydrous hydrogen f luoride.  These impurit ies reac t  
d i r ec t ly  with the hydrogen f luoride and a re  conveniently removed from 
the system as v o l a t i l e  compounds. Research on these reactions,  par t ieu-  
l u l y  fo r  oxide removal, has shown that high removal e f f i c i enc ie s  a re  
a t ta ined  and that the react ions with hydrogen f luoride proceed e s sen t i a l ly  
t o  completion. 
The a b i l i t y  t o  reduce cer ta in  s t ruc tu ra l  metal impurit ies i n  molten 
f luorides  with hydrogen was an important fea ture  of the process. 
f luoride w i l l  readi ly  a t t ack  s t ruc tu ra l  metals and a l loys  t h a t  are  sui table  
as s a l t  containers a t  the operating temperatures of i n t e r e s t  by react ions 
of the type 
Hydrogen 
M@ + 2 H F t M F 2  + H ,  . 
Metal surfaces tha t  a re  i n  contact with hydrogen f luoride i n  the gas 
phase become passivated by the f luoride corrosion product and are  pro- 
t ec ted  from fu r the r  damage. 
with the molten f luoride mixture cannot be protected,  since the corrosion 
film readi ly  dissolves i n  the melt. 
above corrosion react ion with chromium, nickel,  and i ron have shown t h a t  
n icke l  and i ron f luor ides  can be s a t i s f a c t o r i l y  reduced by hydrogen t o  
very low concentrations i n  molten f luor ides  a t  normal operating tempera- 
t u re s  of 600 t o  800"c. 
common impurit ies i n  commercial f luoride s a l t s ,  a simple reduction s tep 
with hydrogen t o  remove i ron  and n icke l  sufficed t o  meet specif icat ions 
on s t r u c t u r a l  metal impurit ies.  
However, metal surfaces t h a t  are  i n  contact - 
Process development s tudies  on the 
Since chromium and less noble metals a re  not 
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Development s tudies  have a l so  shown t h a t  the corrosion of n icke l  
can be controlled with HF-Hz gas sparging mixtures t h a t  are  a l s o  e f fec t ive  
for oxide, sulfur ,  and other anion impurity removal from the f luoride 
mixtures. Accordingly, n icke l  and other more noble metals are  used as 
l i n e r s  i n  s t a in l e s s  s t e e l  process equipment f o r  primary s a l t  containment. 
Since s u l f u r  impurit ies i n  fluoride s a l t s  a re  normally present a s  su l fa tes ,  
the combination of H,-HF as a t r ea t ing  gas mixture provides f o r  the 
continuous reduction of su l f a t e s  t o  sulf ides  and the vo ld t i l i za t ion  of 
hydrogen sulf ide . 
A simplified schematic diagram of the process equipment (2. 5-ft3 
batch capacity) i s  shown i n  Fig. 19. 
loaded d i r ec t ly  i n t o  the s a l t  treatment ves se l  and heated under a helium 
or argon purge t o  above. i t s  melting point (-900°C) with the 50-kw 
e l e c t r i c a l  res is tance furnace. 
anhydrous hydrogen f luoride i n  hydrogen a t  a flow of about 10 l i t e r s  
H, per  minute during the i n i t i a l  pur i f ica t ion  step. Following t h i s  
treatment the hydrogen f luoride w a s  turned off and the  reduction of 
s t r u c t u r a l  metal f luoride impurit ies by Wdrogen continued. 
period, the s a l t  reservoir  was placed i n  i t s  27-kw furnace and heated 
t o  about 850°C under an i n e r t  atmosphere i n  preparation f o r  f i l l i n g  
with the pu r i f i ed  f luoride.  
The s t a r t i n g  s a l t  mater ia l  was 
The melt was then sparged with 10 v o l  ’$ 
During t h i s  
Process control  w a s  derived pr imari ly  from analyses of the gas 
inf luent  and e f f luen t  streams. Samples of the salt mixture were taken 
per iodica l ly  under controlled atmospheric conditions f o r  chemical and 
spectrochemical analyses. When the r e su l t s  of these analyses were below 
product specif icat ions,  the s a l t  was t ransfer red  a s  a l iqu id  through a 
s intered n icke l  f i l t e r  (0.0015-in.gore diameter) i n t o  the s a l t  reservoir.  
Figures 20 and 21 show the  operating area of the f luoride production 
f a c i l i t y  and the  equipment used i n  the batch production unit .  
Although the  batch production f a c i l i t y  i s  normally used f o r  lower 
melting f luoride mixtures ( t o  800”c),  uperating temperatures of 900 t o  
950°C were conveniently a t ta ined  f o r  the preparation of pure l i thium 
f luoride.  The r e s u l t s  of spectrochemical analyses of the  s t a r t i n g  mater ia l  
indicated the following impurit ies (by weight) : 
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Fig. 19. Simplified Schematic Process Diagram of Fluoride Production 
Fac i l i t y  
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Fig. 20. Operating Floor of Fluoride Production Fac i l i t y .  
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Fig. 21. Fluoride Production Equipment. 
Impurity 
Ag 
A1 
Au 
B 
Ba 
B i  
Ca 
Cd 
co 
C r  
cs 
cu 
Fe 
K 
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Content 
CPPd 
Impurfty Content 
(PPd  
4. 
4 0  
<1 
4 
4 
Q 
40 
Q 
4 
1 
4 0  
20 
25 
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Chemical analyses of t.-e material pur 
operation showed the following: 
Mg 
Mn 
MO 
N a  
N i  . 
Pb 
Rb 
S i  
Sn 
T i  
v 
W 
Zn 
Sr 
I 2  
4 0  
4. 
(10 
35 
<1 
<lo 
30 
Q 
Q 
(1 
<loo 
(1 
4 0  
ried by the batch production 
Content (ppm) 
Impurity 135-lb Batch 275-lb Batch 
0 <loo (100 
S 4.0 e10 
C r  11 37 
Fe 18 47 - 
N i  14 6 
Spectrochemical analyses of the pur i f ied  mater ia l  were e s sen t i a l ly  the 
same as those f o r  the s t a r t i ng  material. 
Loading Lithium Fluoride I n t o  the S a l t  Reservoir 
The salt reservoir  was  designed t o  contain suff icent  material f o r  
f i l l i n g  only one s e t  of 15 heat storage tubes, Therefore multiple 
additions of salt t o  the salt  reservoir from the f luoride production 
uni t  were required. 
Two methods were used f o r  f i l l i n g  the tank. When the construction 
schedule allowed, the reservoir  was removed from the salt t ransfer  
f a c i l i t y  and in s t a l l ed  i n  the  f luoride production f a c i l i t y .  
t ransfer  and gas l i n e s  were ins ta l led ,  and two production f a c i l i t y  furnaces 
were used t o  heat the equipment. After t r ans fe r  of the l i thium f luoride 
from the production vessel, the s a l t  reservoir  was allowed t o  cool and 
was r e ins t a l l ed  a t  the s a l t  t r ans fe r  f a c i l i t y ,  
The necessary 
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When the  construction schedule would not-permit t h i s  time consuming 
procedure, the s a l t  was t ransfer red  t o  an intermediate container from 
the production vessel ,  and the intermediate container w a s  i n s t a l l ed  i n  
a portable tube furnace and brought t o  the  s a l t  t r ans fe r  f a c i l i t y .  The 
portable furnace and the furnace normally used for preheating the s a l t  
p r i o r  t o  f i l l i n g  the heat storage tubes were used f o r  heating of the 
vesse ls ,  Both methods were qui te  successful, and no contamination ( a s  
determined by s a l t  ana lys i s )  was detected a f t e r  f i l l i n g  the salt reser-  
voir. 
F i l l i n g  the Heat Storage Tubes 
A drawing of the  heat storage tubes i s  shown i n  Fig. 22. The 
volume t o  be f i l l e d  was  the annulus formed by a welded assembly of 
variable-diameter (2  t o  3 1/2 i n . )  bellows convolutions mounted onto 
a 1 1/4-in. -OD 1/16-in. - w a l l  tube. 
i n  the Brayton-cycle application. 
and fabricated from 0.03O-in. material .  
The cen t r a l  tube i s  an argon duct 
The bellows are  nominally 36 in. long 
The flowsheet of the f i l l i n g  system was shown i n  Fig. 3, and an 
isometric drawing i l l u s t r a t i n g  the physical  re la t ionship of the com- -
ponents was presented i n  Fig. 4. 
A protable vacuum pump wagon equipped with a cold t rap ,  a 4-in. 
diffusion pump, and a roughing pump was used t o  evacuate the s a l t  
reservoi r  and the  f i l l i n g  system. 
avoid contamination of the heat storage tubes o r  the s a l t  by contained 
a i r  o r  moisture during system heatup. 
This procedure was necessary t o  
The i n i t i a l  bakeout of the vacuum chamber and the f i l l i n g  assembly 
was made a t  500’F with the  pressure below 1 x lo” torr. The pressure 
tended t o  increase s l i g h t l y  as temperatures were increased from 500’F; 
huwever, continued pumping reduced the  pressure t o  i t s  o r ig ina l  value. 
A r a the r  abrupt change i n  outgassing ra te  was noted around 800’~.  I n  
order t o  hold the pressure near lo* torr, it was sometimes necessary 
t o  s tup  the increase i n  temperature f o r  several  minutes t o  allow the 
vacuum pumps t o  match the outgassing rate .  
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The pressure was measured a t  three places i n  the f i l l i n g  system, 
Two ion gages were located on the salt reservoir  evacuation l i nes  and 
one ion gage was  located on the overflow or vent tank evacuation l ine.  
These pressures normally read i n  the lo4 or torr range p r i o r  t o  
heatup of the tank. After melting they generally were i n  the lom3 t o  
lo-* torr range. The pressure a t  the diffusion pump i n l e t  was i n  the 
t o  torr range a f t e r  melting. 
After the heat storage tubes and the lithium f luoride had been 
heated t o  1750°F, an overpressure of helium w a s  applied t o  the  top of 
the sal t  reservoir.  A dip leg  i n  the tank allowed the lithium fluoride 
t o  f l o w  upward through the t ransfer  l ine in to  a manifold t o  which 15 of 
the Brayton-cycle tubes were attached. The f i l l i n g  r a t e  was controlled 
by a gas r e s t r i c t i o n  in s t a l l ed  i n  the gas l i ne  t o  the sal t  reservoir. 
The f i l l i n g  r a t e  w a s  held t o  l e s s  than approximately 0.5 f t3  (STP)/min. 
This r a t e  allowed the l eve l  i n  the 15 tubes t o  equi l ibrate .  Normally 
20 min 
t o  the sal t  reservoir.  
was required t o  f i l l  the tubes a f t e r  the overpressure was applied 
An overflow l ine  a t  the top of one of the 15 tubes allowed the sal t  
t o  f l o w  in to  a sampler. Thermocouples in s t a l l ed  on the overflow l-ine 
(and on the t i p  of each of the other 14 tubes) gave the indication t h a t  
the tubes were f i l l e d .  When the indication of a completed f i l l  was  
received, a freeze p lug  was created i n  the overflow l ine  by passing 
high-velocity argon around a small section of the l ine .  During the time 
the freeze plug was being created, a constant overpressure of helium w a s  
held on the salt reservoir.  Thermocouples on the overflow l ine  a t  the 
freeze plug allowed the operators t o  determine t h a t  the freeze plug had 
been established. Immediately thereaf ter ,  freeze plugs were created a t  
the bottom of each of the 15 tubes t o  t rap  the correct volume of lithium 
f luoride i n  the bellows annulus of the heat storage tubes. 
The heater  f o r  the heat storage tube assembly was  then deenergized 
and the system allowed t o  cool. 
admitted through 3/4 -in. -OD conduits i n s t a l l ed  within the center channels 
of the heat storage tube configurations, 
A high-velocity stream of argon was 
From 10,000 t o  12,000 ft3 of 
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argon was used t o  cool each of the f i l l e d  assemblies. Flow-measuring 
devices were not i n s t a l l ed  on the l ine.  The f l o w  rate was  controlled 
by t h r o t t l i n g  the gas f l o w  t o  hold the ou t l e t  gas temperature t o  
approximately 8 0 0 " ~ .  
tu res  i n  the assembly were beluw 1000°F. 
The gas was allowed t o  f l o w  u n t i l  a l l  the  tempera- 
The argon f o r  cooling the freeze valves and f o r  the cooling system 
f o r  the center of the heat storage tubes was obtained from a building 
header connected t o  the Y-12 plant  supply. 
f i f t e e n  200-ft3 cylinders was  i n s t a l l ed  f o r  use i n  emergencies. 
ate valving was  i n s t a l l ed  f o r  control  t o  the individual systems. 
A backup manifold containing 
Appropri- 
Some unexpected d i f f i c u l t i e s  with the s a l t  reservoir  were encountered 
during the f i l l i n g  of the heat receiver tubes. 
f i rs t  tank during preparation fo r  the second f i l l i n g  operation. 
located i n  the  weld where the metall ic sheath of 8 level-measuring 
device was  attached t o  the sal t  reservoir head. This leak was small 
enough and of such a nature tha t  it could be corrected by connecting 
the external ly  accessible sheath of the level element t o  a vacuum pump. 
Leakage of atmospheric contaminants i n to  the  l i thium f luoride was  thus 
reduced t o  an acceptable level. 
A leak occurred i n  the 
It was 
- 
A s  a consequence of the leak a decision w a s  made t o  analyze the salt  
i n  the tank p r i o r  t o  the ac tua l  f i l l i n g  of the receiver tubes. 
expedite the operation, a spectrographic analysis  f o r  magnesium was 
specified as an indication of any possible contamination. Since a large 
leak would allow migration of MgO insulat ing material from the l eve l  
element i n to  the salt,  t h i s  examination f o r  magnesium would tend t o  
indicate the degree of contamination tha t  might have occurred. The 
spectrographic analysis  gave no indication of an increase of magnesium 
i n  the salt, and overflow samples taken a t  the end of the f i l l i n g  
operation a l s o  indicated t h a t  the salt had not been contaminated by the 
leak (see Table 7 i n  following section). 
To 
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A second leak w a s  detected a f t e r  four  f i l l i n g  operations. This leak 
was a t  the same weld but w a s  much la rger  and could not be tolerated.  
Since the level element sheath was  only 0.010 in.  thick and contained 
compacted MgO insulation, it was  f e l t  t h a t  the welding operation had 
weakened the l eve l  element w a l l  a t  the poin t  of attachment. While other 
vessel welds had been f u l l y  inspected, the l eve l  element configuration 
and the weld i n  question did not lend themselves t o  complete radiography. 
After the tank was disassembled, severe d is tor t ion  was noted i n  the 
dip l i nes  and l eve l  probes t h a t  had been suspended (see Fig. 23) from the 
tank top and projected in to  the lithium fluoride.  
served a s  protect ion f o r  the l eve l  elements was a l so  s l i g h t l y  bowed. 
Design reviews indicated tha t  the tank design w a s  adequate for the gas 
pressures and temperatures during the f i l l i n g  operation; however, the 
design did not accommodate the unexpected forces encountered during 
melting of the lithium fluoride.  The or ig in  of these forces i s  not 
thoroughly understood. One theory explains them as being generated by 
a pis ton e f f e c t  t h a t  occurred when the contents of the  tank were melted 
from the bottom upward. 
t o  differences i n  expansion coeff ic ients  i n  the lithium f luoride and 
container material. More information on salt  charac te r i s t ics  a t  Fr 
around the melting point  and more experience with l i thium fluoride would 
be required f o r  an exact explanation. 
A 1 1/2-in. pipe t h a t  
Another theory explains the forces as being due 
Examination of the columbium-l% zirconium f o i l  i n s t a l l ed  inside the 
tank as ge t te r ing  mater ia l  revealed some embrittlement a t  the top of the 
three outside layers. Analysis of the embrit t led f o i l  revealed considerable 
pickup of oxygen and nitrogen. 
compared with 300 ppm i n  the  unexposed f o i l  and 1400 ppm of nitrogen 
compared w i t h  140 ppm i n  the unexposed f o i l .  
affected an3 thus were qui te  ducti le.  
was t o  some extent  effective i n  ge t te r ing  the oxygen and nitrogen that 
entered the tank during the leak; however, no attempt was made t o  analyze 
the l i thium f luoride f o r  res idua l  contaminants before it was  discarded. 
Exposed f o i l  showed 5300 ppm of oxygen 
The inner layers  were l e s s  
The columbium-1% zirconium mater ia l  
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PHOTO 763048 
Fig. 23. S a l t  Reservoir Showing Dis tor t ion  of Lines Ins ide  Tank. 
48 
A second sal t  reservoir  was fabricated afker the design w a s  changed 
t o  omit the level elements. The new tank w a s  i n s t a l l e d  and a f i f t h  
f i l l i n g  operation was accomplished. During the heatup operation f o r  the 
s ix th  and f i n a l  f i l l i n g  operation, a leak developed i n  t h i s  tank. 
leak occurred jus t  as the sal t  reached the melting point  ("1560"F), and 
atmospheric a i r  entered the evacuated heat receiver tubes and the f i l l  
tank. 
The 
This leak occurred a t  the weld adapter through which the t r ans fe r  
l i ne  penetrates  the f i l l  tank. The th in  l i p  of the adapter t o  which the 
f i l l  l ine  i s  welded had been torn  and separated approximately 3/16 in.  
This f a i lu re  too w a s  a t t r i bu tab le  t o  the upward forces  exerted on the 
f i l l  l i ne  during melting o f  the l i thium f luoride,  although extreme care 
had been exercised i n  control l ing heating and melting rates t o  avoid 
t h i s  problem. The accumulative e f f e c t  of these forces  during the 
four heatup operations necessary t o  the f i f t h  and s ix th  f i l l i n g  opera- 
t ions  was probably the cause of the fa i lure .  
The heat storage tube assembly had been heated t o  between 1250 and 
1450°F when the leak developed, and the pressure i n  the annulus of the 
tubes had increased t o  approximately 128 G. The e l e c t r i c  power toAhe 
furnace was immediately deenergized; however, the temperatures d id  not 
cool t o  8 0 0 " ~  u n t i l  '3 h r  la te r  and t o  500°F u n t i l  a t o t a l  of 8 h r  had 
e lap se d. 
One of the storage tubes was removed from the assembly, and metallo- 
graphic examinations were made t o  determine the amount of contamination 
that had occurred. The r e s u l t s  of t h i s  examination are shown i n  Fig. 24. 
The bellows material  analysis  showed a maximum of 240 ppm of oxygen 
i n  the columbium-1% zirconium material .  
the leak incident was  considerably l e s s ,  however, since the  material used 
f o r  the bellows assembly was  obtained from one of two lots t h a t  showed 
i n i t i a l  values of 80 t o  150 ppm. 
the completed tubes may have added t o  these "as-received" values. 
The contamination received during 
Assembly welding and heat t r ea t ing  of 
49 
ORNL-DWG 70-3237 
470 ppm 
4 00 ppm 
240 pprn 
47 ppm 
220 ppm 
33 ppm 
BELLOWS MATERIAL AS-RECEIVED 
0, 80-150 ppm 
N2 Y 40 ppm 
0.456-in.-DIAM TUBING AS-RECEIVED 
ETCHED 
02 230 - 380 ppm 
N, 69-80ppm 
BEND SAMPLES : 
1. BOTTOM AND TOP BELLOWS CONVOLUTIONS 
BENT DOUBLE WITHOUT CRACKING 
2. SMALL DlAM TUBING AT BOTTOM BENT 
INSIDE OUT, SHOWED NETWORK OF MICRO- 
CRACKS, PROBABLY RESULT OF CONTAMI- 
NATION DURING WELDING 
Fig. 24. Results of Analyses of a Columbium-l% Zirconium Heat Storage 
Tube After Aborted Sixth F i l l i n g  Operation. 
The fill and vent connections t o  the bellows (0.156-in.-OD x 0.018- 
The values of in.-wall  tubing) showed ra ther  high gross oxygen content. 
470 and 630 ppm were of concern; however, e a r l i e r  analysis  had shown that 
t h i s  pa r t i cu la r  material contained from 230 t o  380 ppm of oxygen when 
received. This material w a s  obtained by the NASA Lewis Laboratory from 
CANEL mater ia l  declared surp lus  by the Pratt & Whitney Company. 
analyses of various pieces of t h i s  CANEL mater ia l  indicated that the 
oxygen content var ied considerably. 
that  the method of forming t h i s  mater ia l  had l e f t  microscopic growes 
on the inner surface of the tubing and a dark mater ia l  i n  the grooves. 
These deposits evidently w e r e  not completely removed by etching, since 
e a r l i e r  weld examination had disclosed t h a t  the inner surface of the 
tubing near the weld area w a s  oxygen contaminated t o  some extent,  while 
the outer surface of the tubing did not show contamination. 
Chemical 
Microscopic examination a l so  indicated 
It i s  qui te  doubtful t h a t  the t o t a l  increase from 230 t o  380 ppm 
t o  540 t o  630 ppm of oxygen f o r  these small tubes was due t o  contamina- 
t i on  by the leak i n  the f i l l  tank. 
occurred during welding of the tube assemblies. 
Some of the contamination probably 
Specimens taken from the 0.156-in. -OD tubing withstood bend t ex t s  
without evidence of b r i t t l e  cracking; however, microscopic examination 
of the inner surface disclosed a network of microcracks. Bend t e s t s  
were a l so  made on the bellows material ,  and there w a s  no evidence of 
embr i t t lement . 
The li thium f luoride i n  the f i l l  tank was  badly contaminated, and 
it was necessary t o  pur i fy  new s a l t  f o r  f i l l i n g  the remaining tubes. 
The contaminated s a l t  w a s  removed from the reservoir,  and new weld 
adapters fo r  l i n e  penetrations were designed, fabricated,  and ins ta l led .  
An expansion loop was a l so  designed and installed inside the tank fo r  
a l l  tank penetrations t o  reduce the th rus t  loads on the tank penetration 
nozzles during melting of the lithium fluoride.  After the  modifications 
t o  the reservoir  had been made and a new salt charge added, the s ix th  
f i l l i n g  operation w a s  completed without fur ther  incident e 
During the heatup operation f o r  f i l l i n g . t h e  t h i r d  group of 15 tubes 
a leak developed i n  the sheath of a 1/16-in. -diam thermocouple in s t a l l ed  
inside the heat storage tube assembly. A quick cooldown was immediately 
inst igated t o  pro tec t  these tubes from oxygen contamination. The leak 
rate through the thermocouple was  small enough tha t  the vacuum pressures 
of the chamber never exceeded 1 x lo-' t o r r .  
a second leak was discwered i n  one of the freeze valve welds i n  the 
assembly that was probably due t o  high stresses generated during the 
thermal t ransient .  This weld w a s  repaired; the damaged thermocouple was 
replaced; the assembly w a s  re ins ta l led  i n  the vacuum chamber; and the 
f i l l i n g  operation was completed. 
After the fast cooldown 
Disassembly of F i l l i n g  F a c i l i t y  and Plugging of Heat Storage Tubes 
After the f i l l i n g  operation, the f a c i l i t y  was  moved t o  the controlled 
access room f o r  disassembly. The f i l l e d  heat storage tubes were weighed 
and x-rayed t o  determine the content of l i thium f luoride and t o  check 
the freeze pa t t e rn  of the salt.  The r e su l t s  are discussed i n  the 
following section. 
Sa l t  was  removed from the f i l l  and vent tubes by reaming w i t h  a 
0.116-in. -diam d r i l l .  
motor, broke the salt  c rys t a l s  from the inner surface of the tube. 
Extreme care was necessary during t h i s  operation t o  assure t h a t  the w a l l s  
of the f i l l  and vent tubes were not damaged. Subsequent cleaning opera- 
t ions  consisted of scraping with a small s t a in l e s s  s t e e l  blade and wiping 
with an e t h y l  alcohol-soaked nylon cloth. 
The d r i l l ,  which was  driven by a slow-speed d r i l l  
Each 0.156-in. tube was  then cut t o  a 3/4-in. length, argon w a s  purged 
i n t o  the opening, and shrink tubing was i n s t a l l ed  Over the open end of 
the tube t o  prevent exposure t o  the atmosphere. 
A weld design t o  plug the ends of the f i l l  and vent tubes was 
developed (Fig. 25), and a t i g h t l y  f i t t e d  columbium-1% zirconium plug 
was ins t a l l ed  i n  the end of each tube and electron-beam s e a l  welded as 
shown i n  Fig. 26. 
technique w a s  quite sat isfactory.  X-rays were taken of a l l  plug welds 
and examined f o r  fusion, penetration, and porosity.  
Photomicrographs of t es t  welds disclosed tha t  the we ld  
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Fig. 25. Weld Design f o r  Plugging Ends of F i l l  and Vent Tubes., 
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Fig. 26. Photomicrograph of Plug Weld of a F i l l  Tube. 
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The electron-beam s e a l  welds were made on. a 6-kw Hamilton Standard 
Electron Beam Welder, Model W-2. The chamber of the welding f a c i l i t y  
was evacuated t o  a minimum 1 x 
Pumping times of approximately 2 h r  a t  t h i s  minimum pressure seemed t o  
r e su l t  i n  fewer weld reject ions.  
were used. The beam was  swept l i nea r ly  a t  r igh t  angles t o  the tube axis, 
with an amplitude of approximately 1/4 in. 
tungsten block, and then the tube end was manually fed in to  the beam 
u n t i l  the required amount of melting was v i sua l ly  observed. A schematic 
diagram of the equipment i s  shown i n  Fig. 27. 
t o r r  p r i o r  t o  the welding operation. 
Beam power se t t ings  of 80 kv and 6 ma 
It i n i t i a l l y  impinged on a 
The weld in t eg r i ty  was sensi t ive t o  operator technique, and prac t ice  
welds were required before the f i n a l  closure welds were made on the 
assemblies, I n  some instances microscopic salt p a r t i c l e s  were inadver- 
t e n t l y  l e f t  on the inner surface of the tube wail, and heating of the 
sal t  caused blowouts and porosity.  I n  every instance of weld re jec t ion  
it was possible t o  repa i r  f au l ty  welds by refusing the weld bead or 
rep lugging and rewelding . 
Results of F i l l i n g  Operations 
The f i l l i n g  technique was  f i r s t  checked by f i l l i n g  an 11-conv2ution 
s t a in l e s s  s tee l  tube i n  air. Subsequent f i l l s  of columbium-l% zirconium 
tubes i n  the vacuum chamber included f i l l i n g  one tube of 11 convolutions, 
f i l l i n g  a nine-tube assembly containing s ix  standard tubes and three 
shortened tubes, and f i l l i n g  four 15-tube assemblies, Data on the tubes 
f i l l e d  i n  the vacuum chamber and t h e i r  s a l t  contents are presented i n  
Tables 1 through 5. 
Examination of x-rays of the heat storage tubes after f i l l i n g  indicated 
tha t  the tubes had been s a t i s f a c t o r i l y  f i l l ed .  A freeze plug was  properly 
formed a t  the  0.005-in. annulus between the  bottom of the bellows convo- 
lut ions and the  outside w a l l  of the 1 1/4-in. center conduit, since the 
l i thium f luoride d is t r ibu t ion  was such tha t  a void was apparent i n  a l l  
but the top convolutions. X-rays of a port ion of a typ ica l  tube before 
and a f t e r  f i l l i n g  are  shown i n  Fig. 28. 
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Fig. 28. X-Rays of Heat Storage Tubes. 
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The x-rays indicated tha t  the two top convolutions did not contain 
a proportionate amount of l i thium fluoride.  Since thermocouples in s t a l l ed  
on each of the vent tubes a t  the top of each heat storage tube had ind i -  
cated that salt  ac tua l ly  had f i l l e d  the tubes completely, investigations 
were undertaken t o  determine why these two top convolutions were not 
properly f i l l e d .  
Special  x-ray techniques were used t o  determine t h a t  lithium f luoride 
had coated the inner bellows w a l l s .  Physical examination (probing with 
a small s t a in l e s s  s tee l  wire) through the 0.120-in. opening in the vent 
tube a l so  disclosed t h a t  some salt  was  clinging t o  the w a l l s .  However, 
the freeze pa t te rn  shown by the x-rays was not the same as f o r  the lower 
convolutions. Speculation on the reason f o r  the lower sal t  content i n  
the top convolutions centers  around the temperature p ro f i l e s  within the 
convolutions during the process of cooling from 1750"F, the f i l l i n g  
temperature, t o  1560°F, the freezing temperature. The more gradual the  
cooling the more uniform the temperature would be across the salt cross 
section. The l imi t ing  case of a f l a t  temperature p r o f i l e  would r e su l t  
i n  an approximate 2% density change over t h i s  temperature range and a 
s a l t  volumetric contraction of 1.7 in.3. Such an event would have 
e s sen t i a l ly  emptied the approximate 1.8-in.3 volume of the top two con- 
volutions before freeze sea ls  were formed between the other convolutions 
t o  prevent fu r the r  salt movement. Although the ac tua l  cases could not 
have been t h i s  severe, the lower sal t  inventory i n  the top two convolu- 
t ions  was  obviously caused by t h i s  mechanism. 
- 
X-ray examinations of the top convolutions on the tubes t o  which 
the overflow l i n e s  were attached (one i n  each 15-tube assembly) indicated 
t h a t  these tubes contained disproportionately large amounts of l i thium 
f luoride and t h a t  the freeze pa t te rn  was again d i f fe ren t .  The overflow 
l i n e  extended i n  a 7-in.-diam 90" a r c  t o  a poin t  approximately 4 in. 
above the top convolution. It i s  postulated that when the freeze plug 
w a s  created a t  the high point  i n  the overflow l ine ,  some of the salt  i n  
t h i s  l i n e  flowed back i n t o  the top convolution before freezing occurred. 
The amount of backflaw could not be accurately measured; however, the 
void volume i n  t h e  averflow l i n e  i n  each case was very small (“0.1 in.3). 
Since t h e  average volume of the top convolution was  estimated t o  be 0.89 
in.3, the backflow was not considered serious. 
Columbium-l% zirconium coupons were placed i n  the vacuum chamber 
with each of the tube assemblies. These coupons were analyzed by vacuum 
fusion analysis  a f t e r  each f i l l i n g  operation, and the r e su l t s  were com- 
pared against  standards. The difference i n  these resul ts  was used t o  
determine the amount of oxygen, nitrogen, and hydrogen contamination 
t h a t  occurred during the f i l l i n g  operation. 
contamination values. 
Table 6 l i s t s  the measured 
Table 6. Contaminationa of Columbium-1% Zirconium 
Coupons Ins t a l l ed  i n  Assembly Fixture 
F i  11 Contamination (ppm) 
Rm H2 N2 02 
1 tube 4 30 I20 
9 tube >1 2 80 
15 -1 >1 10 30 
15 -2 5 0 50 
1-5 -3 0 0 >loo 
15 -4 0 0 >140 
aDetermined by difference 
i n  ana ly t ica l  values before and 
a f t e r  exposure. 
Sa l t  samples were taken f o r  analysis  a t  various in te rva ls  during 
the f i l l i n g  of the heat storage tubes, and an averflaw sample was  taken 
a f t e r  each f i l l i n g  operation. Results of analyses of the overflaw 
samples are given i n  Table 7. 
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Table 7. Results of Analyses of Lithium Fluoride 
Samples Taken from Overflaw Lines 
F i  11 Elementax 1mpuritfe;s. - (ppml 
R u n  N1 C r  Fe 02 S 
~ ~ 
1 tube 14 11 18 100 8 
9 tube -3 20 3 94 
15 -1 >5 16 io4 57 9 
15 -2 9 5  34 81 >50 
15 -3 93 12 28 >25 
15 -4 10 25 23 123 
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Appendix A 
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Flow Diagram 
Transition Joint 
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Electr ical  
Schematic Diagram, Power System Sh. 1 
Assembly & Wiring, Control Cab. No. 3 
Control Panel, Front Elevation & Plan 
Assembly & Wiring, Control Cab. No. 4 
Assembly & Wiring, Control Cab. No. 5 
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INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE NATIONAL LABORATORY 
June 21, 1967 
PR-19 
To : E. J .  Breeding 
Subject: Hastelloy N - Inconel Vessel - Drain and F i l l  Tank, 
Drawing 10454R-014 -E 
The drain and f i l l  tank cor,sisting of' : ;/8" "Hastelloy-E" s h e l l  
welded t o  two f la t  2-in.  -thick ~~T~conel -50011 heads has been r e -  
viewed f o r  operation a t  15 p s i  and 1800°F f o r  an estimated l i fe -  
time of 100 hours. 
The temperature i s  beyond t h e  maximum for e i t h e r  material  given i n  
Section V I 1 1  of t h e  ASME Boiler and Pressure Vessel Code. Allow- 
able stresses were determined for "~nconel-600" using t h e  Code 
bas is  f o r  es tabl ishing s t r e s s  values and data contained i n  Inco 
Technical Bul le t in  T-7. 
was  found t o  be 340 p s i  based on 0 .l$ creep per 10,000 hours. 
head's thickness i s  adequate for t h i s  allowable s t r e s s .  
Availa6le data  f o r  "Hastelloy-N" indicate t h e  allowable stress as 
determined using t h e  Code bas is  would not be adequate f o r  t h i s  
vessel .  Data reported i n  ORNL-4037, "Molten-Salt Reactor Program 
Semiannual Progress Report for Period &ding August 31, 1966, I t  for 
100 hours indicates a stress rupture value of 3,300 p s i  and a creep 
r a t e  of 1% at l 5 C O  p s i .  Since t h e  cal-culated stress i n  t h e  s h e l l  
is 250 psi ,  it is  f e l t  t h a t  t h e  vessel  w i l l  operate s a t i s f a c t o r i l y  
a t  t h e  design conditions f o r  t h e  100-hour l i fe t ime.  
I have discussed t h e  poss ib i l i ty  of "catastrophic oxidation" of t h e  
"Hastelloy-N" with B. Fleisher of t h e  M&C Division and have been 
assured t h i s  w i l l  not be a problem. 
The maximum allowable s t r e s s  f o r  1 8 0 0 " ~  
The 
- 
C .  W .  Collins 
cwc: If 
cc: C .  J .  Claffey T .  W .  Pickel 
B. Fleisher G .  C .  Robinson 
W .  R .  Gall  J. N .  Robinson 
M .  I .  Lundin R .  W .  Schneider 
H. A .  Nehs I CWC f i l e  
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INTRA-LABORATORY CORRESPONDENCE 
OAK RIDGE NATIONAL L ~ B O R A T O R Y  
January 29, 1969 
To : P. A .  Gnat 
From: C .  W.  Collins 
Subject: Pressure Vessel Review No. 44 
Fill ing Facility for  NASA Capsules 
The piping f lex ib i l i ty  calculations performed by T .  E. Haynes were 
reviewed for  compliance with the "Code for  Pressure Piping," ASA 
B3l.1, and SPP-l2B. 
The f ac i l i t y  cmsis ts  of tubing manifolds, cooling system and freeze 
valves which are contained i n  a vacuum vessel that  isolates the system 
from the atmosphere and operating personnel. 
f ac i l i t y  include stainless s teel ,  Inconel, Hastelloy-N and columbium 
operating at  essentially zero pressure and temperatures up t o  1775°F. 
Materials used i n  the 
The highest s t ress  due t o  thermal expansion i n  the system occurred i n  
a Hastelloy-N tube which undergoes 5 cycles of s t ress  calculated t o  
be lO3,OOO psi .  Although th i s  exceeds the Code allowable s t ress  by a 
considerable amount, data given by A. E.  Carden i n  ASME Paper No. 64- - 
m . - 2  indicates t h i s  material would have a fatigue l i f e  of about 
100 cycles for  t h i s  s t ress  at 1 6 0 0 0 ~ .  
Even af te r  making some allowance for  operating a t  ln5OF rather than 
1 6 0 0 ~ ~ ~  it is f e l t  the component having the highest s t ress  would have 
a fatigue l i f e  greater than the required 5 cycles. 
component can be examined af te r  each cycle so that  it could be replaced 
if there is undue distortion and is  contained i n  the vacuum vessel so 
there is  no hazard t o  operating personnel. 
This  particular 
CWC:lf 
Copy to: S. E. Beall H. A .  N e w  
C .  J. Claffey G. W. Renfro 
W. R .  G a l l  G. C .  Robinson 
T. E. Haynes A. F. Zulliger 
M. I. Lundin Fi le  (CWC) 
R .  E. MacPherson 
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Appendix C 
DRY-BOX PROCEDURE FOR WELDING HEAT STORAGE TUBES 
1. 
2. 
3. 
4. 
5. 
6 .  
7. 
8. 
9. 
so. 
A l l  material (except the 0.156-in. tubes attached t o  bellows 
assemblies) i s  cleaned i n  accordance with cleaning procedure. 
Box i s  pumped t o  approximately 0.05 p (O.OOOO5 mm Hg). 
Leak-up r a t e  i s  es tabl ished a t  l e s s  than 30 t o  35 u/hr. 
Box i s  purged t o  atmospheric pressure with argon. Typical gas 
analysis  (VOI %) i s :  
H2 0.0004 
H20 0.0005 
N2 0.0013 
02 0.0001 
c02 0.001 
An a r c  i s  s t ruck on titanium o r  zirconium block for get ter ing;  a l s o  
indicates  purge gas puri ty .  
A 1/8-in, weld pass i s  made on a coupon of s t a in l e s s  steel. A very 
l i g h t  straw color on the s ta in less  s t e e l  indicates  t ha t  the oxygen 
and moisture levels are below 5 ppm. 
Test weld i s  made on columbium-1% zirconium sheet. Discolorakion 
i s  normal guide t o  atmosphere contamination. Bend t e s t  i s  made on 
t e s t  specimen but not always p r io r  t o  welding pa r t s ,  
Par ts  are  welded. 
Test w e l d  i s  made on columbium-l% zirconium sheet and checked for 
discoloration. 
Welds are dye checked and x-rayed. 
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Appendix D 
HEAT STORAGE TUBE FABRICATION AND ASSEMBLY 
Cleaning of Inconel, INOR-8, and Stainless  S tee l  
Solvents --trichloroethylene , perchloroethylene , acetone, and e thy1 
alcohol s h a l l  be used f o r  degreasing. A clean white c lo th  saturated with 
solvent may be used t o  wipe par t s .  It i s  especial ly  important t ha t  oxide 
from welding be prevented o r  removed, i f  possible,  by s ta in less  s t e e l  
brushing o r  other approved methods from a l l  p a r t s  and subassemblies t h a t  
cannot be reached f o r  d i rec t  inspection and cleaning a f t e r  assembly. Vapor 
b las t ing  ( l i qu id  honing) using aluminum oxide abrasive may be used t o  
remove ink markings, surface oxide, and foreign materials. After cleaning, 
a l l  abrasive s h a l l  be remuved from each component with water o r  steam and 
one o r  more of the solvents l i s t e d  abuve. 
Pipe and tube s h a l l  be cleaned by forcing hot tri-sodium phosphate, 
steam, and dry nitrogen through the inside of each tube i n  the manner 
presently used a t  ORNL f o r  cleaning piping. 
procedures a t  the 7000 Area Cleaning Fac i l i t y  i s  attached fo r  reference. 
A description of cleaning 
Discoloration of surgical  gauze a f t e r  wiping metal surfaces skall 
be used as a check f o r  cleanliness. 
Compounds containing sulphur, lead, aluminum, zinc,  or mercury 
s h a l l  not be permitted t o  come in to  contact with surfaces of 
mat e r ia  1. 
I. Description of Cleaning Procedures a t  the 7000 Area Cleaning 
Fac i l i t y  (ORNL)" 
Upon receipt  of matetrial a t  the Cleaning Fac i l i ty ,  it i s  v i s u a l l y  
inspected f o r  cleanliness.  If grease, o i l ,  or d i r t  i s  present,  the 
mater ia l  i s  washed with acetone, hot water, o r  blown with a i r  t o  remwe 
the excess. 
*From a memo t o  F. T. Anderson from E. W. Parr i  sh dated March 1957 
The mater ia l  i s  then lowered i n t o  a v a t . o f  f ive percent trisodium 
phosphate (100 pounds of technical  grade TSP t o  280 gallons potable 
water) a t  80"c. 
gallons p e r  minute. 
f l a w  through pipe being cleaned. 
solution f o r  one half hour minimum. 
This solution i s  circulated through the v a t  a t  60 
The i n l e t  l i n e  i s  arranged so as t o  allaw maximum 
The mater ia l  i s  t o  remain i n  t h i s  
The mater ia l  i s  then lowered in to  a v a t  of cold potable water. The 
potable water flaws through the v a t  a t  50 gallon's per  minute and i s  
continuously discharged t o  waste. 
fo r  one half  hour. 
The mater ia l  i s  rinsed i n  t h i s  v a t  
The mater ia l  i s  then lowered in to  a v a t  of hot c i rculated potable 
water (80"c) a t  20 gpm f o r  one half  hour. 
where it i s  a i r  dried with 90°C f i l t e r e d  air. 
It i s  then remwed t o  a rack 
The mater ia l  i s  then f i n a l l y  inspected f o r  cleanliness and remarked 
i f  the ident i f ica t ion  w a s  removed during cleaning. A rubber stamp and 
apprwed marking ink i s  used f o r  remarking. 
twelve inch (E i n . )  centers. 
Pipe i s  t o  be marked on 
Packaging materials current ly  being used are : 
( a )  Pipe-ends a re  cwered  with p l a s t i c  film with masking tape over 
- 
the p l a s t i c .  P l a s t i c  caps w i l l  be used when available.  
(b)  F i t t i ngs  and small pa r t s  - Plas t ic  bags wired closed. 
( c )  Large materials - Plast ic .  
11. Operating and Sample Log 
All materials t h a t  pass through the Cleaning Fac i l i t y  are logged 
i n  and out.  The following information i s  recorded i n  the operating log: 
Inspection request or store  stock item number of the material. (a)  
( b )  Description of material. 
( c )  Quantity of material. 
(d)  Date cleaned. 
( e )  Type cleaning. 
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( f )  
(g)  
Cleaning solution and r inse sample numbers. 
Records are maintained on the date tha t  the cleaning solut ion 
i s  mixed and the mixture. 
Records are made of re jected materials being remwed (by 
cut t ing)  from sound material. The Inspection Department 
requests t h i s  work. 
(h) 
All cleaning solutions and r inse waters are sampled once da i ly  
and a sample log i s  maintained. The solutions are analyzed f o r  chloride, 
f luoride,  PH, phosphate, e t c .  
The TSP solution i s  dumped twice weekly unless the analysis  indicates  
it should be discarded sooner. 
i s  10 ppm or more, The circulated hot r inse  water i s  dumped twice daily.  
Solution i s  t o  be discarded i f  chloride 
Oxide Removal from Columbium-l% Zirconium and Tantalum Parts 
Pr ior  t o  Welding 
1. All oxide s h a l l  be removed by etching i n  a solut ion of:  
35% %?so4 
15% HNO, (70% concentration) n i t r i c  ac id  
10% HF (48% concentration) tyt%rofliuoric' acid 
40% d i s t i l l e d  water - 
The etching should be started i n  a solut ion a t  room temperature, 
and the solution temperature should not be allowed t o  exceed 125'F. 
Prior  t o  etching, each part s h a l l  be thoroughly degreased by wiping 2.  
w i t h  acetone or e t h y l  alcohol. 
3. Etching time i n  solution shall be determined by the thickness of the 
p a r t s  t o  be etched. 
be etched f o r  approximately 20 seconds. 
All p a r t s  should be t o t a l l y  immersed i n  the solution and should be 
ag i ta ted  t o  insure access of f r e sh  solut ion t o  a l l  surfaces. Parti- 
cular  care should be taken t o  assure the inner surfaces of tubing 
Shimstock (.004 t o  .010 inch) material shall 
4. 
have access t o  f r e sh  solution. 
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5. The p a r t s  shall be rinsed with d i s t i l l e d  water a t  12.5'F, or above, 
immediately upon removal from etching solution. 
of flowing d i s t i l l e d  water s h a l l  be used t o  insure thorough rinsing. 
The p a r t s  shall be ag i ta ted  during the rinse.  
minutes r inse s h a l l  be used. Par t icular  care should be taken t o  
assure t h a t  the inner surfaces of tubing have been rinsed. Parts 
shal l  not be allowed t o  dry during the t r ans fe r  from etching solu- 
t i on  to the d i s t i l l e d  H20 r inse.  
Parts shall  be thoroughly rinsed with acetone. 
Copious quant i t ies  
A minimum of 30 
6. 
7. Parts sha l l  be thoroughly rinsed with e t h y l  alcohol, drain dried, 
and placed i n  sealed polyethylene bags f o r  storage. 
Parts s h a l l  not be removed from storage bags u n t i l  immediately 
p r io r  t o  assembly. 
8 .  
9. Clean white gloves sha l l  be worn when handling materials a f t e r  Step 7. 
Mate r i a l s  and Cleanline s s Specification 
A. All p a r t s  t o  be inside the vacuum system sha l l :  
1. Be ident i f ied  as t o  type of material. 
2. Have a clean smooth surface equivalent t o  No. 16 f in i sh ,  e e e  
of crevices, cracks, and/or other hard-to-clean areas. 
3. Be assembled so as t o  avoid the creation of closed o r  nearly 
closed volumes. 
Be cleaned according t o  the following procedure: 4. 
a. 
b. 
C. 
d. 
e. 
f.  
g* 
Wash thoroughly with acetone. 
Wash w i t h  alcohol. 
Inspect the p a r t s  fo r  v i s u a l  evidence of remaining contami- 
nation, repeat (a) and (b),  i f  required, t o  remove a l l  
contamination. 
Rinse with d i s t i l l e d  water. 
A i r  dry i n  s t i l l  a i r  o r  use a warm a i r  dryer; do not use 
p lan t  a i r  as it may be contaminated. 
Clean p a r t s  s h a l l  not be touched with bare hands, o r  placed 
on benches or i n  containers not thoroughly cleaned. 
Wrap, o r  bag i n  polyethylene bags, 
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B. 
C .  
D. 
E. 
F. 
Workers s h a l l  wear the folluwing clothing during cleaning and assembly 
of the system components; 
. 
1. 
2. 
3. Clean shoe covers i f  f e e t  are inside the vacuum area or abwe 
The abwe 
A p a i r  of clean, white nylon or rayon acetate  gloves. 
Clean dry coveralls or laboratory coats. 
the main vacuum tank flange and i n  the clean room. 
clothing must be changed whenever it becomes soiled. 
Workers shall not smoke or chew tobacco while working i n  the clean 
room or vacuum tank area. 
Tools used i n  assembly operations must be cleaned by the procedure 
outlined i n  A - 4 ,  or provided with clean covers so as t o  avoid any 
possible contamination. 
Any discoloration or other evidence of contamination on p a r t s  t o  be 
used i n  the vacuum system sha l l  be reported immediately t o  the 
Project Engineer. 
Questions on t h i s  procedure or exceptions t o  it must be referred t o  
the Project Engineer. 
Definitions 
1. Clean - f ree  of a l l  contaminants. 
2. Contaminants - o i l ,  grease, solvents, discoloration, f ingerprints ,  
- 
-
dust, d i r t ,  i nk ,  or other markings not scratched, etched, or stamped 
in to  the metal, e tc .  
3. Vacuum Tank Area - within ten f ee t  of the vacuum tank or within f ive  
f e e t  of any components awaiting assembly. 
Re sponsibi li t y  
A. Materials ce r t i f i ca t ion  shall be ascertained from the Inspection 
Engineering Department. 
Welding inspectors and shop foreman s h a l l  be responsible f o r  deter-  
mining t h a t  mater ia l  ce r t i f i ca t ions  a re  available and tha t  assembly 
personnel are  equipped wi’th clothing as specified above. 
B. 
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C. Fina l  fabr ica t ion  and assembly areas  s&l l  be approved by the 
pro jec t  engineer. It i s  the in ten t  that a l l  assembled p a r t s  be 
cleaned p r i o r  t o  f i n a l  i n s t a l l a t i o n  i n  the vacuum chamber. 
fabr ica t ion  and assembly s h a l l  be kept t o  a minimum, 
F ie ld  
83 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9-11. 
l-2. 
13. 
14. 
15. 
16 
17. 
18. 
19. 
ORNL-TM-2732 
Internal  Distribution 
S. E. Beall 20. R. E. MacPherson 
E. J. Breeding 21. H. C. McCurdy 
Wm. B. Cot t re l l  22. A. J. Miller 
F. L. Culler 23. A. M. Perry 
B. Fleischer 24. M. W. Rosenthal 
A. P. Fraas 25. A. W. Savolainen 
E. A. Franco-Ferreira (P-12) 26. J. H. Shaffer 
L. C. Fuller 27. M. J. Skinner 
P. A. Gnadt 28. I. Spiewak 
W. R. Grimes 29. D. A. Sundberg 
A. G. Grindell 30. D. B. Trauger 
W. 0. Harms 31. G. D. Whitman 
P. N. Haubenreich 32-33. Central Re search Library 
W. R. Huntley 34-35. Y - I 2  Document Reference Section 
P. R. Kasten 36 -38. Laboratory Records Department 
M. I. Lundin 39. Laboratory Records Department 
R. N. Lyon (LRD-RC) 
Ex t  e rna l  D i  s t  ribu t i on 
NASA Lewis Research Center, 21000 Brookpark Road, Cleveland, 
Ohio 44135: 
40-61. 
62. 
63. 
H. M. Cameron, Mail Stop 500-201 
D. G. Beremand, Mail Stop 500-201 
H. 0. Slone, M a i l  Stop 500-201 
D. R. Packe, Mail Stop 500-201 
P. A. Thollot, Mail Stop 500-201 
W. T. Wintucky, Mail Stop 5OO-2Ol 
R. E. English, Mail Stop 500-201 
J. N. Deyo, Mail Stop 500-201 
R. L. Davies, Mail Stop 500-201 
Herman Schwartz, Mail Stop 500-201 
M. Gutstein, Mail Stop 500-201 
B. Lubarsky, Mail Stop 3-3 
N. T. Musial, Mail Stop 501-3 
V. F. Hlavin, Mail Stop 3-14 
W. Russell, Mail Stop 14-1 
J. E. Dilley, Mail Stop 5OO-2Ol 
P. E. Foster, Mail Stop 3-19 
Library, Mail Stop 60-3 
Report Control Office, Mail Stop 5-5 
Fluid System Components Div., Mail Stop 5-3 
Rel iabi l i ty  & Quality Assurance Office, Mail Stop 500-203 
J. C. Nettles, Mail Stop 1441-1, NASA Lewis Research Center, 
Plum Brook Station, Taylor Road, Sandusky, Ohio 
H. D. Rochen, Code RNP, National Aeronautics & Space Adm., 
Washington, D. C.  20545 
44870 
84 
64. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
77. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
86. 
87. 
88. 
89. 
Arvin Smith, Code RNW, National Aeronautics & Space Adm., 
Washington, D. C. 20545 
Acquisitions Branch (SQT-34054) , NASA Scient i f ic  & Technical 
Information Faci l i ty ,  P. 0. Box 5700, Bethesda, Maryland 20014 
Library, NASA Ames Research Center, Moffett Field, California 
94035 
Library, NASA Goddard Space Flight Center, Greenbelt, Maryland 
20771 
Library, NASA Spacecraft Center, Houston, Texas 77058 
Library, NASA Marshall Space Flight Center, Huntsville, 
Alabama 35812 
W. C r i m ,  U.S. Army Engineer B D  Labs, Gas Turbine Test 
Faci l i ty ,  Fort Belvoir, Virginia 22060 
Library, Hughes Aircraft  Corporation, Centinda & Teale Ave. , 
Culver City, California 90230 
Library, A i r  Force Systems Command, Aeronautical Systems 
Division, Wright-Patterson A i r  Force Base, Ohio 45433 
Power Information Center, University of Pennsylvania, 3401 
Market Street ,  Rm. 2107, Philadelphia, Pennsylvania 19104 
Library, AiResearch Manufacturing Co. , 402 South 36 Street ,  
Phoenix, Arizona 85034 
Lyle Six, AiResearch Manufacturing Co. , 402 South 36 Street ,  
Phoenix, Arizona 85034 
NASA Flight Research Center, P. 0. BOX 273, Edwards, 
California 93523 
NASA Langley Research Center, Langley Station, Hamgton, 
Virginia 23365 
Tony Redding, NASA Manned Spacecraft Center, Houston, Texas 
77058 - 
Library, Je t  Propulsion Laboratory, 4800 Oak Grave Drive, 
Pasadena, California 91103 
Library, Battelle Memorial Ins t i tu te  , 505 King Avenue, 
Columbus, Ohio 43201 
Code RAPP, Bureau of Naval Weapons, Department of the Navy, 
Washington, D. C.  20025 
Library, Ins t i tu te  f o r  Defense Analyses, 400 Army-Navy Drive, 
Arlington, Virginia 22202 
Library, Aero j e t  -General Corporation, Von Karman Center, 
Azusa, California 91702 
H. Milligan, AiResearch Manufacturing Company, 402 South 36 
Street ,  Phoenix, Arizona 85034 
AiResearch Manufacturing Company, 9851 Sepulveda Boulevard, 
Los Angeles, California 90009 
Library, Bendix Research Labs. Division, Detroit,  Michigan 
Library, The Boeing Company, Aero-Space Division, Box 3707, 
Seatt le,  Washington 98124 
Library, Continental Aviation & Engr. Corp., 12700 Kercheval 
Avenue, Detroit, Michigan 48215 
Library, Curtiss-Wright Corporation, Wright Aero Division, 
Main & Passaic Streets,  Woodridge, New Jersey 07075 
48232 
85 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110 -111. 
112. 
113. 
114. 
115. 
Library, General Dynamics Corporation, 16501 Brookpark Road, 
Cleveland, Ohio 44142 
Library, Aerospace Corporation, P. 0. Box 95085, Los Angeles, 
California 91745 
Library, General Electr ic  Company, Missile & Space Vehicle 
Department, 3198 Chestnut Street ,  Philadelphia, Pennsylvania 
19104 
Library, Lear Siegler, Inc., 3171 S. Bundy Drive, Santa 
Monica, California 90406 
Library, Massachusetts Ins t i tu te  of Technology, Cambridge, 
Massachusetts 02139 
Library, Space Systems Division, Los Angeles A i r  Force Station, 
Los Angeles, California 90045 
Library, Borg-Warner Corporation, Pesco Products Division, 
24700 North Miles Road, Bedford, Ohio 44014 
Library, Douglas Aircraft  Company, 3000 Ocean Park Blvd., 
Santa Monica, California 90406 
Library, General Electr ic  Company, Mechanical Technology 
Laboratory, R & D Center, Schenectady, New York 12301 
Library, General Electr ic  Company, Flight Propulsion Division, 
Cincinnati, Ohio 45215 
Library, McDonnell Douglas Corporation, Missile & Space Systems 
Division, 3000 Ocean Park Blvd., Santa Monica, California 90406 
Library, General Motors Corporation, Indianapolis, Indiana 46206 
Library, Lockheed Missiles & Space Co., P. 0. Box 504, Sunnyvale, 
Califo mia 94088 
Mechanical Technology, Inc. , 968 Albany-Shaker Road, Latham, 
New York 12110 
Library, North American Aviation, Inc. , Space & Information 
Systems Div., Downey, California 90241 
Library, Prat t  & Whitney Aircraft ,  400 Main Street ,  East 
Hartford, Connecticut 06108 
Library, Solar, D i v .  of International Harvester, 2200 Pacific 
Highway, San Diego, California 9212 
Library, Sunstrand Denver, 2480 West 70 Avenue, Denever, 
Colorado 80221 
Library, United Aircraft  Research Lab. , E a s t  Hartford, 
connect i cut 06 108 
Library, Westinghouse Electr ic  Corp., Astronuclear Laboratory, 
P. 0. Box 10864, Pittsburgh, Pennsylvania 15236 
R. W. Harrison, Gneral Electr ic  Company, Nuclear Systems 
Programs, Cincinnati, Ohio 45215 
I. Mendelson, General Electr ic  Company, Nuclear Systems 
Programs, Cincinnati, Ohio 45215 
Library, Northern Research & Engineering Co. , 219 Vassar 
Street ,  Cambridge, Massachusetts 02139 
Library, McDonne11-Douglas Corporation, Lambert Field, St .  
Louis, Missouri 63166 
Library, Space Technology Labs. Inc., One Space Park, Redondo 
Beach, California 90278 
116. 
117. Library, W i l l i a m s  Re search, Walled Lake , Michigan 48088 
118 
119. A. Miklos, General Motors Technical Center, Warren, 
Library, TFW Accessories Division, 23555 Euclid Avenue, 
Cleveland, Ohio 44117 
J. Mattavi, General Motors Technical Center, Warren, 
Michigan 48089 
Michigan 48089 
Division of Technical Information Extension (DTIE) 120-134. 
135. Laboratory and University Division, OR0 
